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Abstract 
Nowadays the upgrading of heavy crude oils is achieved by thermal cracking or hydrocracking, which are based on 
the carbon rejection and hydrogen addition routes. These processes have several problems yet to be solved, such as 
coke deposition both on the reactor walls and on the catalyst, low quality of products and low efficiency of usage of 
hydrogen. Thus, an efficient technology for the production of high quality distillates from heavy oils or residua has 
not been developed yet. An interesting alternative for improving the yield of valuable liquid products in the 
hydroprocessing of heavy feeds is the use of hydrogen donors (usually polycyclic naphthenic-aromatic or naphthenic 
compounds that can be reversibly hydrogenated-dehydrogenated in the reacting mixture). The molecules of the 
hydrogen donors are dehydrogenated, transferring hydrogen atoms to the heavy hydrocarbons in the oil, thus 
improving the quality of the cracked products and minimizing the polymerization of the heavier molecules via a free 
radicals mechanism. This work is focused on the effect of tetralin, decalin and naphthalene as hydrogen donors (H-
donors) in the thermal cracking of a Mexican heavy crude oil (12.1 °API) in the presence of hydrogen or methane as 
reducing agents. Experiments were carried out in a batch reactor under relatively mild conditions, 1.1 MPa initial 
pressure and 693 K temperature. The results indicate that the combination of these H-donors and reducing agents 
leads to significant reductions in the yield of coke, compared to those obtained using only the reducing agents under 
the same conditions. The improvements in the API gravity, the viscosity and the distillates yield (as determined by 
GC-simulated distillation) upon treatment are nearly the same with or without H-donors, confirming that the primary 
cracking reactions depend mainly on the temperature of reaction and are not appreciably affected by the presence of 
reducing agents or hydrogen donors. The reduction in the yield of coke was similar for tetralin, decalin and 
naphthalene. 
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1. Introduction 
Nowadays the upgrading of heavy crude oils is mainly achieved by thermal cracking or hydrocracking, 
which are based on the carbon rejection and hydrogen addition routes [1-4].  These processes have several 
problems yet to be solved, such as coke deposition both on the reactor walls and on the catalyst, low 
quality of products and low efficiency of usage of hydrogen. Thus, an efficient technology for the 
production of high quality distillates from heavy oils or residua has not been developed yet. 
An interesting alternative for improving the yield of valuable liquid products in the hydroprocessing of 
heavy feeds is the use of hydrogen donors (usually polycyclic naphthenic-aromatic or naphthenic 
compounds that can be reversibly hydrogenated-dehydrogenated in the reacting mixture). The 
hydroprocessing reactions in the upgrading of heavy oils are usually limited by the availability of 
hydrogen, which must be transferred from the gas to the liquid phase before the hydrogenation reactions 
can take place. In conventional hydroprocessing, the availability of hydrogen is increased by increasing 
the hydrogen partial pressure. When hydrogen donors are used, an additional amount of hydrogen is 
available for the hydrogenation reactions. The molecules of the hydrogen donors are dehydrogenated, 
transferring hydrogen atoms to the heavy hydrocarbons in the oil, thus improving the quality of the 
cracked products and minimizing the polymerization of the heavier molecules via a free radicals 
mechanism. In this way, the coke yield can be reduced and the yield of light and middle distillates can be 
markedly increased while achieving a more efficient usage of hydrogen compared with simple 
hydrocracking.  
Nakamura et al [5] studied the thermal cracking of Kuwait crude oil atmospheric residue in the 
presence of hydrogen at 708-728 K and up to 7.5 MPa using supported nickel catalysts and found that 
Ni/active carbon and Ni/SiO2-Al2O3 (an acidic support), unlike Ni/E"- Al2O3 (a basic support) or the non-
catalyzed system, resulted in a liquid reaction product with low asphaltenes and aromatics contents and a 
high yield of coke and H2S; these authors concluded that the Ni/active carbon and the Ni/ SiO2-Al2O3 
catalysts promoted the conversion of asphaltenes to coke and the reaction of hydrogen generated in the 
dehydrogenation of asphaltenes with sulfur, aromatic and olefin compounds in the oil. 
Fujimoto et al [6] studied the liquid phase transfer hydrogenolysis of thiophene by decalin using metal-
on-active carbon catalysts at 603-663 K and up to 1.1 MPa; the results of these experiments showed an 
excellent relationship between the degree of dehydrogenation of decalin and the degree of hydrogenolysis 
of thiophene. These authors concluded that decalin is adsorbed and dehydrogenated on the active carbon 
surface and that the hydrogen atoms migrate on the carbon surface to reach the metal sites (by a reverse 
spillover effect) and react with thiophene. 
Carlson et al [7] evaluated the ability of six different pure hydrocarbons (n-heptane, cyclohexane, 
benzene, decalin, tetralin and naphthalene) to donate hydrogen and prevent coke formation during thermal 
(non-catalytic) cracking of a West Texas residuum without hydrogen addition, using about equal amounts 
of residuum and diluent, at 722 K for 2.5 hours; n-heptane, cyclohexane, benzene and naphthalene had 
little effect on the coke yield, while tetralin showed a significant reduction (from 17 to 2 wt. %) compared 
with the residuum-only test. Decalin was less effective than tetralin (coke yield 6 wt. %). The 
effectiveness of tetralin was attributed by these authors to the highly activated hydrogen atoms in the 
saturated ring adjacent to the aromatic ring, and the intermediate result with decalin was believed to be 
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due to the formation of tetralin under the severe cracking conditions. These authors concluded that a 
mixed naphthenic-aromatic compound is a much more effective hydrogen donor than a condensed-ring 
naphthenic compound under the conditions investigated. 
Billmers et al [8] studied the mechanisms and kinetics of hydrogen migration between 9,10-dihydro 
positions in anthracene structures in the liquid phase at 498-673 K. In this study, the hydrogen donor 
molecule was 9,10-dihydroanthracene, the hydrogen acceptor molecule was a substituted anthracene and 
the reaction products were anthracene and a 9,10-dihydro substituted anthracene. The results of the 
hydrogen transfer experiments were consistent with a nonchain free radical mechanism in which the rate-
limiting step appears to be the transfer of a single benzylic H atom from a donor molecule to an acceptor 
molecule. This type of reaction (molecular disproportionation) is likely to be a major source of free 
radicals in condensed-phase thermal reactions at relatively low temperatures, due to the high stability of 
the free radicals formed in the process. 
In this work we present the results obtained in the thermal cracking of a Mexican heavy crude oil, 
using hydrogen or methane as reducing agents in the presence of decalin, tetralin or naphthalene as H-
donor compounds in order to improve the API gravity, the viscosity and the distillates yield in the 
upgraded crude oil and to inhibit the formation and deposition of coke. 
2. Experimental 
2.1. Experimental process 
The experiments were performed in a 500-ml autoclave stainless steel reactor (Parr Instrument 
Company model 4843), equipped with mechanical stirring and automatic temperature control.  
The H-donor compounds evaluated were naphthalene (98 % purity) and tetralin (97 % purity), 
commercially available from the Aldrich Company, as well as decalin (99 % purity), from the Carlo Erba 
Laboratories. 
A typical experiment was performed as follows: 150 g of the heavy crude oil and 7.5 g of the H-donor 
compound were introduced into the reactor. The reactor was purged several times with nitrogen gas and 
pressurized with hydrogen (0.31 g) or methane (2.48 g) to 1.1 MPa. The temperature was raised at a rate 
of 10 K/min and kept at 693.15 K for 15 min while stirring at 300 rpm. The reaction was terminated by 
quenching the reactor in an ice-water mixture. 
2.2. Properties of heavy crude oil 
The Mexican heavy crude oil used for this study was obtained from the Ku-Maloob-Zaap offshore 
field near the Campeche State, in Mexico. The characterization of this crude oil is shown in Table 1. 
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Table 1. Properties of the Ku-Maloob-Zaap heavy crude oil 
Property Method Value 
Specific gravity @ 60/60 F ASTM D-70 0.9849 
API gravity ASTM D-287 12.16 
Kinematic viscosity, cSt @ K: ASTM D-445  
313.15  6869 
333.15  1110.8 
353.15  322.3 
Conradson Carbon, wt.% ASTM D-189 18.11 
Total Sulfur, wt.% ASTM D-4294 5.17 
Total nitrogen, ppm ASTM D-4629 4824 
Basic nitrogen, ppm UOP 313-89 1155 
Asphaltenes in nC7, wt.% ASTM D-4124 19 
Metals, ppm: IMP QA-006  
Nickel  85 
Vanadium  444 
2.3. Analysis of upgraded crude oil 
In order to determine the solid product yield (coke), the reaction product was decanted and a small 
sample (10 g) was diluted in hot toluene to obtain the sediments content according to the ASTM-D-4807 
method. The characterization of the upgraded crude oil was performed using the following analytical 
methods: 
x The distillation curve of the upgraded crude oil was determined by GC-simulated distillation, 
according to the ASTM D-7169 method, using an Agilent 7890 gas chromatograph . 
x Physical properties. The viscosity, API gravity and density were determined using a Stabinger SVM 
3000 Anton Paar viscometer, using the ASTM D-7042 method. 
2.4. Analysis of naphthalene, tetralin and decalin content in the reaction product  
A sample of the liquid reaction product was distilled and the IBP-583 K boiling range fraction was 
analyzed by gas chromatography-mass spectrometry (GC-MS), to quantify the tetralin, decalin and 
naphthalene, according to the ASTM-D- 1319 method, using an Agilent 6890 gas chromatograph coupled 
to a JEOL JMS-AX 505 JWA mass spectrometer; an electron ionization energy of 70 eV and a ionization 
current of 100 μA were used for this analysis. 
3. Results and discussion 
The viscosity, API gravity and sediments content of the upgraded crude oil are shown in Table 1. The 
improvements obtained in the API gravity (from 12.1 to 16-18.5 °API) and in the viscosity of the crude 
oil at 288.65 K (from 50,930 to 82-137 cSt) are approximately the same for the products of thermal 
cracking with or without hydrogen, methane and hydrogen donors. There is a difference in the sediments 
content (coke yield) results. The use of a reducing agent (hydrogen or methane) leads to a small reduction 
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in the coke yield, with a slightly better result for hydrogen. The use of hydrogen donors results in a more 
significant reduction in the yield of coke, with similar reductions for decalin, tetralin and naphthalene, 
which seem to be equally effective as hydrogen donors. This reduction is greater for the cases of 
treatment with hydrogen and a hydrogen donor than for the cases of treatment with methane and a 
hydrogen donor. 
Table 2. Effect of hydrogen or methane and H-donors on the thermal cracking of the Ku-Maloob-Zaap heavy crude oil (12.1 °API) 
at 693.15 K 
Test 
No. 
Reactants Properties of the upgraded crude oil 
  Specific gravity 
@ 60/60 F 
Viscosity, cSt @ 
288.65 K 
API gravity Sediments, wt.% 
1 Heavy oil   0.9537 naa 16.87 8.25 
2 Heavy oil  +  H2   0.9521 89.12 17.12 6.48 
3 Heavy oil  +  H2  +  tetralin 0.9590 127.45 16.05 3.44 
4 Heavy oil  +  H2  +  naphthalene  0.9578 103.89 16.23 2.84 
5 Heavy oil  +  H2  +  decalin  0.9505 93.89 17.37 3.42 
6 Heavy oil  +  CH4 0.9508 98.03 17.32 7.93 
7 Heavy oil  +  CH4  +  tetralin 0.9607 136.86 15.79 4.92 
8 Heavy oil  +  CH4  +  naphthalene 0.9597 84.3 15.94 na
a 
9 Heavy oil  +  CH4  +  decalin  0.9434 82.45 18.49 4.32 
       (a) Not available. 
The results of GC-simulated distillation of the upgraded crude oils are presented as yields of the 
following fractions: naphtha (boiling range IBP-477 K), kerosene (477-547 K), atmospheric gasoil (547-
616 K), light vacuum gasoil (616-727 K), heavy vacuum gasoil (727-811 K) and vacuum residue (811 
K+). The yields of fractions in the hydrogen-upgraded crude oil are shown in Fig. 1 and in the methane-
upgraded crude oil are shown in Fig. 2. The yields of the fractions for the different cases are within ± 2 
vol. % of the yields for the thermal treatment without any reducing agent or hydrogen donor for > 90 % 
of the data, confirming that the primary cracking reactions depend mainly on the temperature of reaction 
and are not appreciably affected by the presence of reducing agents or hydrogen donors. The most 
important reaction step in heavy oils upgrading that leads to a significant molecular weight reduction and 
the production of distillate fractions is probably the cleavage of the C-C bonds (bond dissociation energy 
~ 70 kcal/mol). The cleavage of the C-C bond during upgrading is believed to proceed through a free 
radical chain mechanism. 
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Fig. 1. Yields of fractions in hydrogen-upgraded crude oil by GC-Simulated Distillation  
 
Fig. 2. Yields of fractions in methane-upgraded crude oil by GC-Simulated Distillation 
The relative proportions of naphthalene, tetralin and decalin in the hydrogen-upgraded reaction 
product are shown in Figure 3 and in the methane-upgraded reaction product in Figure 4. The distribution 
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of these compounds at chemical equilibrium, calculated at the experimental conditions using the PRO-II 
process simulator with the Soave-Redlich-Kwong equation of state, is also shown in these Figures. 
 
Fig. 3. Distribution of naphthalene, tetralin and decalin in the hydrogen-upgraded product 
 
Fig. 4. Distribution of naphthalene, tetralin and decalin in the methane-upgraded product 
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In the cases of addition of decalin, about half of this compound has been converted to naphthalene 
during the experiment and there is a small amount of tetralin. In the cases of addition of tetralin, there is 
an 80-90 % conversion to naphthalene and about 10 % to decalin. In the cases of addition of naphthalene, 
the conversion of this compound to tetralin and decalin is very low (1-2 %). Due to the relatively low 
pressure and temperature, the equilibrium distribution is about 90 % naphthalene and 10 % tetralin when 
hydrogen is present and nearly 100 % naphthalene in the presence of methane. These results show that 
there is a substantial interconversion between naphthalene, tetralin and decalin at the reaction conditions, 
even in the absence of a catalyst. 
4. Conclusions 
The improvements in the API gravity, the viscosity and the distillates yields upon treatment are nearly 
the same with or without H-donors, confirming that the primary cracking reactions depend mainly on the 
temperature of reaction and are not appreciably affected by the presence of reducing agents or hydrogen 
donors.  
The use of hydrogen donors in combination with reducing agents leads to significant reductions in the 
yield of coke, compared to those obtained using only the reducing agents under the same conditions. This 
reduction is greater for the cases of treatment with hydrogen and a hydrogen donor than for the cases of 
treatment with methane and a hydrogen donor. The reduction in the yield of coke was similar for decalin, 
tetralin and naphthalene, which seem to be equally effective as hydrogen donors. 
There is a substantial interconversion between naphthalene, tetralin and decalin at the reaction 
conditions, even in the absence of a catalyst. This observation would explain the similar effectiveness of 
these compounds as hydrogen donors. 
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